pH sensor is an essential component used in many chemical, food, and bio-material industries. Conventional glass electrodes have been used to construct pH sensors, however, have some disadvantages in specific applications. It is difficult to use glass electrodes for in vivo biomedical or food monitoring applications due to size limitation and no deformability. In this paper, we present design and fabrication processes of a miniature iridium oxide thin film pH sensor array on flexible polymer substrates. The amorphous iridium oxide thin film was used as the sensing material. A sol-gel dip-coating process of iridium oxide film was demonstrated in this paper. A super-Nernstian response has been measured on individual sensors of the array with a slope of -71.6 ± 3 mV/pH at 25 o C within the pH range between 2.83 and 11.04.
INTRODUCTION
To achieve small sizes and reliable performance in pH sensing applications, ion-sensitive field-effect transistor (iSFET) pH sensors [1, 2] , optical fiber pH sensors [3, 4] , hydrogel film pH sensors [5] and solid-sate pH sensors [6, 7] have been proposed and demonstrated. Most of the sensors were based on rigid substrates so they were not flexible to deform on a curved surface or fit into a small space. The mechanical rigidity also limits their long-term uses in tissues due to Young's Modulus mismatch between devices and tissues causing localized scar tissue formation such as the ones seen in neuronal implants [8, 9] . Deformable, biomechanically-compatible and implantable pH sensors then are needed.
Polymer-based substrate provides chemical-resistant, corrosion-resistant and deformable properties making them a popular choice for biochemical sensors. Meanwhile, planarization ability and thermal stability of polymers are suitable to utilize existing IC fabrication techniques in the processes. The polymer fabrication also provides possibility for versatile micromachined structures. 3-D structures can be made by plasma etching, deep reactive ion etching, photolithography and hot embossing techniques [10, 11] for increasing sensitivity and circuitry integration. We chose Kapton polyimide film as the sensor substrate for this preliminary investigation based on our previous experience in making circuitry on Kapton [12] .
Sol-gel fabrication technology has shown wide applications in devices [13, 14] due to its advantages over other deposition methods [15] [16] [17] such as simpler processes, lower costs and robustness to harsh environments [18] . Solgel processes for pH sensors have been demonstrated and shown excellent performance on rigid substrates [19] . The fabrication techniques, however, need to be reinvestigated when used on flexible substrates.
In this paper, we developed a miniature pH sensor array based on flexible Kapton substrates using iridium oxide sol-gel techniques. The purpose was to develop a smart electronic litmus paper. The amorphous iridium oxide thin film was formed by dip-coating and sequential heat treatment techniques [19] that have been used in industry. We investigated design considerations, fabrication processes and experimental results of the deformable miniature pH sensors. 
PRINCIPLE
There are three possible mechanisms on pH-dependent redox equilibriums between two oxidation states of iridium oxide [20] [21] . Generally speaking, electrochemical deposition and electro-deposition produced super-Nernstian responses with higher sensitivity in sensor performance while sputtered coating and thermal method produced near-Nernstian or Nernstian sensitivity. Fig.1 shows the fabrication steps. The polyimide polymers were washed with acetone in an ultrasonic bath to remove contamination. Positive photoresist S1813 was spun on top of the polymers at 3000 rpm for 30 seconds, followed by 100°C hot-plate baking for 1 minute. The working electrode patterns were exposed through a photomask for 9.5 seconds. Post exposure bake was performed at 100°C for 1 minute. The samples were then A 70-Å thick chromium and 1500-Å thick gold layer was deposited using an electron-beam evaporator. The chromium layer served as an adhesion layer. The Cr-Au layer showed excellent conductivity and stability in our acid tests later. The sample was soaked in acetone with ultrasonic agitation for metal lift-off. Due to uncertainty of excessive evaporation heating in the evaporator, the S1813 may be partially cured making it difficult for lift-off. Extra time to soak then might be needed.
SENSOR FABRICATION
An SU-8-100 photoresist layer was applied as the sacrificial layer on top of the working electrode metals. The spin cycle was set at 500 rpm/sec for ten seconds with an acceleration rate of 100 rpm/s, then at 3000 rpm/s for 30 seconds with an acceleration rate of 300 rpm/s. The sample was baked at 65°C for 10 minutes and 95°C for 30 minutes. The electrode patterns were defined and the sample was baked for 3 minutes at 65°C and then 10 minutes at 95°C. The sample was developed and dried. The thickness of the SU-8 layer was measured around 95 to 105 µm by a profilometer.
In this work, we aimed to demonstrate a simple iridium oxide thin film sol-gel process. The sol-gel coating solution was based on the recipe for rigid substrates described in [23] . One gram of anhydrous iridium chloride (IrCl 4 ) was dissolved in 42 ml of ethanol (C 2 H 5 OH) followed by adding 10 ml of acetic acid (CH 3 COOH) in the solution. The solution was stirred continuously by a magnetic rod at the bottom of the beaker for at least one hour. A thin layer on the flexible substrate was formed by dip coating at a 2 cm/min withdraw rate in the solution. A higher withdraw rate in the dip coating process would produce lower crystallinity [24] . After dip coating, the sample was baked at 150°C for at least 1 hour. The SU-8 layer was stripped off after baking. The sample was treated in an oven purged with inert gas and with a heating profile starting at 25°C and increasing to 300°C in a period of 2 hours. The temperature stayed at 300°C for another 5 hours. To obtain amorphous iridium oxide film, the surface needed to be heated at a temperature between 300°C and 350°C [25] . We have tested the film crystallinity with treatment temperatures at 350°C and 550°C. The oven then was cooled down gradually in 10 hours to 25°C.
The thickness of the iridium oxide thin film was around 0.4~0.6µm measured by a KLA-Tencor profilometer. The sample was prepared for energy-dispersive x-ray analysis using the EDAX 4000 Electron Dispersive Analysis System in a Zeiss Supra 55 VP scanning electron microscope (SEM). Fig. 2 shows the energy-dispersive xray analysis result of the sol-gel IrO x film. The ratio between iridium and oxygen was measured 2.4. Some other small amounts of elements such as chlorine, silicon and carbon detected were probably due to contamination from the solution and the device carrier under the sensor in the SEM. The Kapton film was carried on a silicon substrate.
70Å thick chromium, 60Å thick platinum and 3000Å thick silver layers were deposited by electron-beam evaporation. Photolithography and lift-off processes were applied to define the reference electrodes. The platinum layer showed good adhesion for the silver layer during the following electroplating processes. Fig. 3 shows the electroplating setup for the Ag/AgCl reference electrodes. Electrochemical anodization process was applied on anodic silver electrodes with a platinum cathode electrode in 0.1M HCl solution. An electrical current of 0.5mA was applied for 5 seconds. During the electrolysis, a brown silver chloride layer was formed on the silver surface as shown in Fig. 4(a) . The electrode surface was rinsed in DI water and immersed in 3M KCl solution for 24 hours in order to reach a stable potential [26] . Fig. 4(b) shows the electrodes after the saturation process. The AgCl thickness was measured as 1.5µm by a KLA-Tencor profilometer. Fig. 5 shows the measurement setup for our micro pH sensors. An NI-DAQ 6008 USB card with a LabVIEW program were used for analog potential recording. A commercial Hanna pH meter was used to verify the pH values of solutions. Our pH sensor array was clipped by flat gator clamps and connected to the DAQ card. The sensor array was immersed in acid or alkaline based diluted solution stirred with a magnetic rod in the beaker. We used hydrochloric acid for acidic titration tests. NH 3 and KOH were used for alkaline titration tests. The Hanna pH meter was placed in the solution and connected to its signal processing card. Both the potential from our sensor array and the pH level from the Hanna pH meter were recorded in a computer simultaneously.
CHARACTERIZATION

RESULTS AND DISCUSSION
X-ray diffraction patterns and scanning electron microscope analysis
In order to confirm the iridium oxide thin film formation, x-ray diffraction (XRD) patterns were performed using Siemens D-500 x-ray diffractometer. Fig. 6 shows the XRD patterns at annealing temperatures of 350°C and 550°C. The crystallization of iridium oxide normally begins at 400°C [27] . We compared the results with 5-hour 350°C and 550°C heating treatments. The iridium oxide crystal structure from XRD patterns shown in Fig. 6 agreed with the results shown in the literatures [24, 25] . The data showed a lower temperature treatment produced weaker diffraction due to lower crystallinity. This indicated our iridium oxide thin film was close to amorphous and fine grain structures. Our data showed clearly stronger diffraction peaks for the 550°C annealing temperature. The wide line widths and peak shifts were probably due to local disorders and/or micro-crystallinity [24] in the film. Fig. 7 shows the IrO x surfaces with (a) 350°C and (b) 550°C treatments using a ZEISS Supra 55 VP scanning electron microscope (SEM). The iridium oxide thin film crystallized at 550°C and the surface was cracked in multiple places across the film. With 350°C thermal treatment, the surface was uniformly smooth without crystallization or cracks. In our sensor applications, a uniform and stable sensing film surface will be required. These experiments showed a 350°C heat treatment would provide the required film quality.
Sensor Performance
A titration test was performed to investigate the response time of our pH sensor. The titration test starts from acidic to alkaline solutions with KOH dripping into the beaker. The response time is defined as the time required to reach 90% of the equilibrium value [28] . Fig. 8 shows the results with two transition steps of pH changing from pH=2 to pH=6 and from pH=6 to pH=12. Two electrodes in an array were tested simultaneously. The response times were about 6 seconds. The response times measured also included the mixing time of the dripped liquid with the base solution.
A linear potential response of the IrO x pH sensor was confirmed by pH titration tests. KOH was dripped into diluted HCl solution for titration. Shown in Fig. 9 , our pH sensor demonstrated a linear super-Nernstian response [22] with a sensitivity of -71.6 mV/pH from pH=2.83 to pH=11.04 at 25 o C. Fig. 10 shows potential responses of two IrO x sensors to pH changes in a series of different pH levels. The diluted KOH-based solution was titrated by 1M HCl dripping from pH=11.9 to pH=3. The IrO x film electrodes on flexible substrates performed coordinately with different pH levels. The potential responded quickly when the titration solution was dripped into the beaker. As the solution been mixed continuously by the magnetic stirrer, the potential slowly settled to a stable value while average pH values were recorded from the pH meter. A constant DC potential shift by a resister was added to one electrode in order to distinguish the potential curves from two different electrodes. These two sensors were fabricated at two different batches but the potential responses were almost identical. This experiment also showed the reproducibility of our sol-gel fabrication processes.
Without calibration done to the sensor electrodes, two IrO x electrodes in an array were tested in a 30-minute dynamic titration experiment in which HCl and KOH solutions were added separately and pseudo-randomly into the beaker while stirred with a magnetic rod at the bottom of the beaker. Fig. 11 show the potential changes compared with the pH values recorded from the commercial pH meter. This test verified repeatability and reversibility of our pH electrodes. The potential variations from our sensor electrodes responded to the pH value measured. Our sensor electrodes responded quicker than the pH meter. The results however showed potential drifts and the drifts increased as more titration solution was dripped into the base solution. This may be due to the potential interference from the glass electrode of the commercial pH meter to the sensing and reference electrodes in our sensor. As more charged particles were added into the solution, the impedance of the solution changed and fluctuated the potentials.
To investigate the reference electrode performance, a commercial AgCl electrode purchased from Warner Inc. and our electroplated Ag/AgCl reference electrode were used with the same IrO x electrode in the dynamic pH titration. As shown in Fig. 12 , the electroplated reference electrodes provided mostly the same potential responses with those from the commercial AgCl electrode.
CONCLUSIONS
A flexible iridium oxide pH sensor array was fabricated with sol-gel processes. The sol-gel technique provided simple and economical fabrication processes. The amorphous iridium oxide thin film was formed on Kapton, confirmed by XRD, SEM and EDAX analysis. Ag/AgCl reference electrodes were made by electroplating with a Figure 8 Response times of our pH sensor array from pH=2 to pH=12.
Figure 9
Linear potential response of our pH sensor from pH=2.83 to pH= 11.04.
Figure 10
Step potential responses from our pH sensors.
Proc. of SPIE Vol. 6931 693104-6 KCl saturation procedure. A super-Nernstian potential was measured and matched with the theory of ion selective electrodes. The pH sensor performed high sensitivity, repeatability and reversibility in dynamic titration tests.
The flexible pH sensors provide many potential applications in biomedical, biological, food monitoring industries. The smart litmus paper can be used electronically offering broader applications than a conventional pH meter.
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